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ula densa signaling, which links tubular salt transport rate withFurosemide stimulates macula densa cyclooxygenase-2 expres-
glomerular filtration rate and renin secretion.sion in rats.
Background. During a low salt intake, maintenance of renal
blood flow and renin secretion depends on intact formation of
prostaglandins. In the juxtaglomerular apparatus, the inducible For more than three decades it has been known thatisoform of cyclooxygenase, cyclooxygenase-2 (COX-2), is re-
the macula densa cells in the juxtaglomerular apparatusstricted to the macula densa and the cortical thick ascending
have an important signaling function, as it inversely linkslimb of Henle (cTALH) cells, and is inversely regulated by
dietary salt intake. This study aimed to elucidate whether the tubular salt reabsorption to the glomerular filtration rate
effect of NaCl on macula densa COX-2 expression is mediated and renal blood flow by the tubuloglomerular feedback
by transepithelial transport of NaCl. mechanism [1]. Moreover, the macula densa exerts a
Methods. To this end, male Sprague-Dawley rats received
control function on renin synthesis and renin secretionsubcutaneous infusions of the loop diuretic furosemide (12 mg/
from juxtaglomerular epitheloid cells in such a way thatday) or were fed with the diuretic hydrochlorothiazide (30
mg/kg day) for seven days each. To compensate for their both parameters are inversely related to the salt trans-
salt and water loss, the animals had free access to normal port rate of the macula densa cells [1]. The signaling
water and to salt water (0.9% NaCl, 0.1% KCl). COX-2 expres- pathway between the macula densa cells and the adjacent
sion in kidney cortex was assessed by immunohistochemical
renin-producing cells has been subject of numerous stud-staining and by semiquantitative ribonuclease protection assay
ies, which proposed a variety of factors to be the “maculafor COX-2 mRNA.
Results. After six days of furosemide infusion to salt-substi- densa” signal. Several studies suggested that prostaglan-
tuted rats, there was no change of extracellular volume. Furose- dins could be relevantly involved in this signaling proc-
mide led to a fivefold and threefold increase of plasma renin ess. Thus, in the microperfused juxtaglomerular appara-
activity and renocortical renin mRNA level, respectively. In
tus of rabbits, the stimulation of renin secretion inducedparallel, there was a threefold increase of renocortical COX-2
by a low NaCl concentration at the macula densa isabundance, while the COX-1 mRNA level remained un-
changed. Moreover, the percentage of juxtaglomerular appara- blunted by cyclooxygenase inhibitors [2]. Similarly, the
tuses immunopositive for COX-2 increased threefold in re- stimulation of renin secretion and renin gene expression
sponse to furosemide compared with vehicle-infused animals. that can be achieved by blocking macula densa salt trans-
Hydrochlorothiazide treatment increased plasma renin activity
port by furosemide infusions in vivo can be attenuatedtwofold but did not change kidney cortical renin mRNA,
by cyclooxygenase inhibitors [3, 4]. The recent discoveryCOX-2 mRNA, or COX-2 immunoreactivity.
of a second isoform of cyclooxygenase, cyclooxygen-Conclusion. Our findings suggest that inhibition of salt trans-
port in the loop of Henle, but not in the distal tubule, causes ase-2 (COX-2), in cells of the late thick ascending limb
a selective stimulation of COX-2 expression in the macula of Henle’s loop (cTALH), including the macula densa
densa region. This up-regulation may be of relevance for mac-
[5], could provide the step in the signaling pathway that
has remained uncertain until now. In agreement with
the hypothesis, COX-2 mRNA and protein in cTALH/Key words: thick ascending limb of Henle, salt transport, renin, cell
signaling, diuretics, juxtaglomerular apparatus. macula densa cells increase in certain states of a stimu-
lated renin system, such as during low salt intake [5–7]
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COX-2 inhibitors [9–11]. Because prostaglandins exert mg/animal. The capacity of the pumps had been designed
for seven days. To guarantee a constant drug effect dur-a stimulatory effect on renin secretion and renin synthe-
sis in isolated juxtaglomerular granular cells [12], the ing the experiment, the pumps were primed in vitro for at
least four hours before implantation, and the experimentevidence suggests that COX-2–derived prostaglandins,
at least under the previously mentioned conditions, are was ended on the seventh day after implantation.
Hydrochlorothiazide/vehicle-fed rats. Beginning at theimportant for macula densa signaling.
This concept leads to the question of how COX-2 third day, five rats were fed by gavage with hydrochloro-
thiazide (HCT) dissolved in polyethyleneglycol at 8.00expression in the macula densa is regulated. In particular,
it appears of interest to find out why COX-2, which is a.m. and 6.00 p.m. with a fixed dose of 15 mg/kg (that is,
30 mg/kg/day) for seven days. Vehicle controls receivedconsidered as an inducible rather than a constitutive
enzyme, is expressed in the macula densa of normal rats polyethyleneglycol only.
The rats were sacrificed by decapitation. Trunk bloodand how low salt diet or renal hypoperfusion enhances
COX-2 expression there. As Schnermann theoretically was collected in ethylenediaminetetraacetic acid (EDTA)-
coated vials. Hematocrits were measured, and the plasmapointed out, the rate of salt transport in the cTALH/
macula densa could be an important common denomina- was separated. Rat plasma was kept at 2208C until deter-
mination of plasma renin activity.tor for COX-2 expression, in a way that COX-2 expres-
sion is inversely related to the salt transport [1]. The kidneys were removed and were cut in longitudi-
nal halves. One half was immersion fixed for COX-2We attempted to address this issue in volume-substi-
tuted rats, where cTALH/macula densa salt transport is immunohistochemistry. From the remaining halves, the
cortices were separated with a scalpel blade under a ste-blocked by a loop diuretic [13]. For this purpose, rats
were chronically infused with furosemide. The animals reomicroscope. Cortex pieces were frozen in liquid nitro-
gen and stored at 2808C until isolation of total RNA.had free access to salt and water to compensate for their
salt and water loss. We found that under this condition,
Determination of extracellular volumefurosemide infusion led to a threefold to fourfold in-
crease of COX-2 expression in the macula densa. Since For determination of the effect of furosemide treat-
ment on extracellular volume, eight additional vehicle-inhibition of salt transport in the distal tubule by thiazide
did not change COX-2 expression [13], our results sug- infused and seven additional furosemide-infused rats
were used. Rats were anesthetized with inactin (100gest that an impairment of cTALH/macula densa salt
transport leads to a stimulation of COX-2 expression. mg/kg IP), and catheters were inserted in the femoral
artery and vein. Next, both renal arteries were ligated,
and a bolus injection of 0.5 mL inulin (125 g/L) was
METHODS
slowly administered through the femoral vein. After 30
In vivo protocols minutes of equilibration, a blood sample of approxi-
mately 1.0 mL was obtained from the femoral artery,All experiments were conducted according to the Na-
tional Institutes of Health Guide for the Care and Use and the rat was exsanguinated. Plasma inulin concentra-
tion was determined by the Anthron method: 200 mL ofof Laboratory Animals and the German laws on the
protection of laboratory animals. perchloric acid was added to 20 mL plasma and to 20 mL
of a standard dilution series of inulin. The samples wereMale Sprague-Dawley rats that initially weighed 140
to 160 g were used for the experiments, as we and others centrifuged at 15,000 3 g for two minutes. Fifty microli-
ters of the supernatant were mixed with 2 mL Anthronhave described previously [4, 14, 15]. In all experimental
series, the animals were fed standard chow, and two reagent (Sigma) and were incubated for 10 minutes at
568C. Then the samples were placed on ice until determi-bottles of drinking solution were equally available, one
containing tap water and the other containing a salt solu- nation of the extinction at 630 nm with a spectrophotom-
eter. This way, a standard curve was generated, and thetion of 9 g/L NaCl and 1 g/L KCl. Rats were placed in
metabolic cages, and body weight, drinking input, and inulin concentration in the unknown samples was deter-
mined.urine production were measured every day. For the first
four days of the experiment, all animals of the four exper-
Extraction of RNAimental groups were kept under the same conditions.
Furosemide/vehicle-infused rats. On the fifth day, os- Total RNA was extracted from dissected kidney corti-
ces basically according to the acid-guadinium-phenol-motic pumps (2 ML 1; Alzet, Palo Alto, CA, USA) were
implanted subcutaneously under the skin of the neck. In chloroform protocol of Chomczynski and Sacchi [16].
RNA pellets were dissolved in diethylpyrocarbonate-18 control animals, the pumps were filled with 9 g/L
NaCl; in 18 furosemide-treated rats, the pumps contained treated water. The yield of RNA was quantitated by
spectrophotometry at 260 nm, and samples were ali-100 mg furosemide. The delivery rate of the pumps was
10 mL/hour; thus, the daily dosage of furosemide was 12 quotated and stored at 2808C until further processing.
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The quality of extracted RNA was confirmed by the Quantitation of COX-2 immunoreactivity was per-
formed by counting the glomeruli with an adjacent jux-observation of intact 18S and 28S bands after gel electro-
phoresis in an ethidium bromide-stained agarose gel. taglomerular apparatus staining positive for COX-2. The
identity of the tissue used for counting was coded, and
Ribonuclease protection assays for COX-1, COX-2, counting was performed by persons who were not in-
renin, and b-actin volved in animal handling or tissue fixation in order to
assure nonbias. In each kidney (left and right), 250 toCOX-1, COX-2, renin, and b-actin mRNA levels were
measured by RNase protection assays basically as de- 400 glomeruli were counted, and the number of positive
glomeruli was expressed as a percentage of the totalscribed [4, 6, 17]. In brief, after linearization and phenol/
chloroform purification, the plasmids yielded radio- number of glomeruli counted in the section. These per-
centage values were used for statistical analysis.labeled antisense cRNA transcripts by incubation with
SP6 polymerase (Promega, Madison, WI, USA) and
Determination of plasma renin activity(a-32P)GTP (Amersham, Arlington Heights, IL, USA)
according to the Promega riboprobe in vitro transcrip- Plasma renin activity was determined with a commer-
cially available radioimmunoassay kit for angiotensin Ition protocol. Five times 105 cpm of the cRNA probes
were hybridized with 40 mg total RNA (COX-1 and (Ang I; Sorin Biomedica, Du¨sseldorf, Germany).
COX-2), 20 mg total RNA (renin), 1 mg total RNA
Statistics(b-actin), and 20 mg t-RNA (negative control) in 50 mL
hybridization buffer at 608C overnight and was then se- Data are presented as means 6 SEM. Sets of data
were compared by analysis of variance (ANOVA), andquentially digested with RNase A/T1 (RT/30 minutes)
and proteinase K (378C/30 minutes). After phenol/chlo- the level of significance was calculated by unpaired Stu-
dent’s t test. P , 0.05 was considered significant.roform extraction and ethanol precipitation, protected
fragments were separated on a 8% polyacrylamide gel.
Gels were dried for two hours, and the radioactivity
RESULTS
protected by the mRNA was quantitated in a Phospho-
The treatments with furosemide and HCT led to clearimager (Packard Instruments, Downers Grove IL, USA).
increases of urine output. Daily urine production in-Autoradiography was performed at 2808C for one to
creased about eightfold from 11 mL in vehicle-infusedthree days.
rats to 94 mL in furosemide-infused rats and about two-
COX-2 immunoreactivity fold from 13 mL in vehicle fed to 27 mL in HCT-treated
rats (Fig. 1A). Hematocrit values were not different be-Cyclooxygenase-2 immunostaining and quantitation
tween the four treatment groups (Fig. 1B). The bodywere performed essentially as described previously [8].
weight increase during the seven days of experiment wasAfter fixation in methyl-Carnoy solution (60% metha-
reduced by about 30% in furosemide-treated animalsnol, 30% chloroform, and 10% glacial acetic acid), tissues
compared with vehicle-infused rats (Fig. 1C). HCT treat-were dehydrated by bathing in increasing concentrations
ment did not change body weight gain (Fig. 1C). Theof methanol, followed by 100% isopropanol. The tissue
inulin space was not different between vehicle-infusedwas embedded in paraffin, and 4 mm sections were cut
rats (15.8 6 0.4 mL/100 g body weight, N 5 8) andwith a Leitz SM 2000R microtome (Leica Instruments,
furosemide (15.6 6 0.3 mL/100 g body weight, N 5 7).Berlin, Germany). After deparaffinization, endogenous
This parameter was not determined in the HCT series.peroxidase activity was blocked with 3% H2O2 in metha-
Plasma renin activity was increased fivefold from 7 tonol for 20 minutes at room temperature. Sections were
41 ng angiotensin I (Ang I)/h 3 mL by furosemide andlayered with a 1:500 dilution of a commercially available
was increased twofold from 8 to 17 ng Ang I/h 3 mLantiserum raised in goat against COX-2 (M-19; Santa
by HCT (Fig. 2A). Renin mRNA levels were increasedCruz Biotechnology, Santa Cruz, CA, USA) and incu-
about threefold by furosemide (Fig. 2B) and remainedbated at 48C overnight. After addition of the second
unchanged in response to HCT treatment (Fig. 2B).antibody (dilution 1:500; biotin-conjugated, goat anti-
The abundance of COX-2 mRNA in kidney corticalrabbit immunoglobulin G, or rabbit anti-goat immuno-
total RNA increased about threefold during furosemideglobulin G, respectively), the sections were incubated
infusion (Fig. 3A), whereas the abundance of COX-1with avidin D horseradish peroxidase complex (Vecta-
mRNA in the renal cortex was not different betweenstain DAB kit; Vector Laboratories, Burlingame, CA,
vehicle- or furosemide-infused rats (Fig. 3B). HCT treat-USA) and exposed to 0.1% diaminobenzidine tetrahy-
ment did neither change COX-2 mRNA nor COX-1drochloride and 0.02% H2O2 as a source of peroxidase
mRNA abundance in the kidney cortex (Fig. 3).substrate. Each slide was counterstained with hematoxy-
Within the cortex, COX-2 immunoreactivity was re-lin. As a negative control, we used equimolar concentra-
tions of preimmune rabbit or goat immunoglobulin G. stricted to cTALH/macula densa cells in all experimental
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Fig. 2. Plasma renin activity (A) and renal renin mRNA abundance
(B) in vehicle-treated and in furosemide or hydrochlorothiazide (HCT)-
treated infused rats. Data are means 6 SEM. *P , 0.05 vs. respective
control.
ment did not change the percentage of glomeruli staining
positive for COX-2 (Fig. 5).
DISCUSSION
Fig. 1. Effects of furosemide (12 mg/kg per day) and hydrochlorothia- The present experimental model of chronic subcutane-zide (HCT; 30 mg/kg per day) on urine production (A), hematocrit (B),
ous infusion of furosemide, with concomitant salt andand body weight gain (C ) in rats. Data are means 6 SEM of 18 vehicle-
infused, 18 furosemide-infused, 6 vehicle-fed, and 6 HCT-fed animals. water substitution, was used to examine the isolated ef-
*P , 0.05 vs. respective control. fect of prolonged inhibition of NaCl transport in the
cTALH/macula densa cells on expression of COX-2 in
rat kidney cortex. In accordance with previous studies
[4, 14, 15], we did not obtain evidence that the ratsgroups (Fig. 4). In kidney sections from vehicle-treated
were volume depleted after prolonged treatment withrats, on average, 6% of the counted glomeruli in a tissue
furosemide. Thus, the consistent observation of a de-section displayed COX-2 immunoreactivity in the mac-
crease of body weight gain [14, 15] is not likely to be theula densa region of the juxtaglomerular apparatus
result of a severe derangement of extracellular volume in(Fig. 5). This number was significantly increased to 20%
spite of a strongly increased urine output. Because theof the counted glomeruli in kidney sections of furose-
animals apparently reach a steady state where an in-mide-infused rats (Fig. 5), indicating an enhanced COX-
2 protein level during furosemide infusion. HCT treat- creased NaCl and water intake matches the enhanced
Mann et al: Furosemide and COX-266
Fig. 3. Cyclooxygenase (COX)-2 mRNA (A) and COX-1 mRNA (B)
abundance in the renal cortex from vehicle-treated, furosemide, or
HCT-treated rats. Data are means 6 SEM. *P , 0.05 vs. respective
control.
losses at a normal level of extracellular volume (ECV),
we infer that the observed effects of furosemide are
primarily caused by inhibition of cTALH/macula densa
salt transport.
Hydrochlorothiazide is known to block NaCl transport
into distal tubule cells. Fractional reabsorption of NaCl
is higher in the cTALH than in the distal tubule, and in
agreement with this, HCT led to a modest increase in
urine production compared with furosemide (Fig. 1).
Fig. 4. Distribution of COX-2 immunoreactivity in rat kidney cortex
In accordance with our previous data, we found that from a vehicle-infused rat (A) and a rat infused with furosemide (B;
magnification 3100). (C) Localization of COX-2 immunoreactivity inthe inhibition of salt transport by furosemide led to sub-
the macula densa of a furosemide-infused rat (magnification 3400).stantial increases of renin secretion and of renin mRNA
level [4, 15].
In contrast, HCT only moderately increased plasma
renin activity and did not change the renin mRNA level. sion in the macula densa. Since the increase of COX-2
Our results show that the pharmacological inhibition immunoreactivity by furosemide was paralleled by an
of salt transport in the TALH/macula densa leads to a increase of COX-2 mRNA, we infer that the increase of
parallel increase of COX-2 mRNA and immunoreactiv- COX-2 protein could have been caused by an increased
ity in the macula densa, whereas inhibition of salt trans- synthesis of the enzyme rather than by an impairment
of its degradation. The stimulation of COX-2 expressionport in the distal tubule has no effect on COX-2 expres-
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tant determinant of COX-2 expression. Thus, prolonged
low salt intake, reduction, or cessation of glomerular
filtration caused by renal hypoperfusion and furosemide
treatment are all expected to result in a decrease in
transepithelial NaCl transport rate at the macula densa.
This inference is in good accordance with previous data
by Linas [18], who used three different experimental
maneuvers to lower macula salt transport. In all in-
stances, an enhanced formation of PGE2 in the kidney
and a concomitant increase of renin secretion was ob-
served [18]. If the transport rate of NaCl determines
COX-2 mRNA levels in macula densa cells, a possible
pathway of this response must be considered. However,
we can only speculate about relevant processes. Low-
ering salt transport will reduce energy consumption by
the tubular cells and will also change the intracellular
electrolyte concentrations and cell volume. Whether one
Fig. 5. COX-2 immunoreactivity in the renal cortex of vehicle, furose- of these events or others are relevant for the increasemide, or HCT-treated rats. COX-2 immunoreactivity is given as COX-2
of COX-2 also remains to be studied.index, that is, the percentage cut glomeruli in a section displaying
COX-2 immunoreactivity in the juxtaglomerular apparatus. Data are Altogether, our findings suggest that inhibition of salt
means 6 SEM. *P , 0.05 vs. respective control. transport in the TALH and macula densa cells leads to
a selective increase of COX-2 mRNA levels and immu-
noreactivity in the macula densa, which may be of physio-
logical relevance for the macula densa control of reninby furosemide appeared to be specific since COX-1
secretion and renin gene expression.mRNA did not change during furosemide infusion.
An enhanced formation and release of prostaglandins,
ACKNOWLEDGMENTSparticularly of prostaglandin E2 (PGE2) by COX-2 in the
This study was supported by grants from the Deutsche Forschungs-macula densa cells could be relevant for the observed
gemeinschaft (Ku859/2-4), from the University of Regensburg (HSPIIIstimulation of renin mRNA levels and renin secretion. scholarship to B.M.), and by grants from the Danish Health Science
We have previously found that furosemide-induced stim- Research Council, the NOVO Nordisk Foundation, the Danish Heart
Foundation, and the Research Foundation of the Danish Medical Asso-ulation of the renin system can be attenuated by nonse-
ciation. The technical and graphical assistance provided by M. Hamannlective cyclooxygenase inhibitors [4]. Moreover, PGE2 and K.H. Go¨tz, and the expert help from Professor D. Ha¨berle with
directly stimulates renin mRNA abundance and renin the determination of extracellular volume are gratefully acknowledged.
secretion by isolated juxtaglomerular granular cells [12].
Reprint requests to Prof. Dr. med. Armin Kurtz, PhysiologischesWe are aware that our in vivo approach with systemic Institut, Universita¨t Regensburg, Universita¨tsstrae 31, 93053 Regensburg,
administration of furosemide cannot unequivocally prove Germany.
E-mail: armin.kurtz@vkl.uni-regensburg.dethe concept that it is directly the salt transport rate of
the tubular cells that determines the level of COX-2.
REFERENCESHowever, together with the previous observations that
1. Schnermann J: Juxtaglomerular cell complex in the regulation ofa prolonged reduction of dietary salt intake [5–7] and a
renal salt excretion. Am J Physiol 274:R263–R279, 1998selective reduction of renal blood flow [8, 11] apparently
2. Greenberg SG, Lorenz JN, He XR, et al: Effect of prostaglandin
cause the same changes of macula densa COX-2 expres- synthesis inhibition on macula densa-stimulated renin secretion.
Am J Physiol 265:F578–F583, 1993sion as does furosemide infusion, it appears more likely
3. Gerber JG, Nies AS, Olsen RD: Control of canine renin release:to consider an intrarenal rather than an extrarenal event Macula densa requires prostaglandin synthesis. J Physiol 319:419–
as the common denominator for the stimulation of 429, 1981
4. Schricker K, Hamann M, Kurtz A: Nitric oxide and prostaglan-COX-2 expression. Prolonged reduction of oral salt in-
dins are involved in the macula densa control of the renin system.take as well as a decrease in renal perfusion are expected Am J Physiol 269:F825–F830, 1995
to reduce tubular NaCl concentration at the macula de- 5. Harris RC, McKanna JAS, Akai Y, et al: Cyclooxygenase-2 is
associated with the macula densa of rat kidney and increases withnsa. Conversely, furosemide administration increases
salt restriction. J Clin Invest 94:2504–2510, 1994NaCl concentration in the tubular fluid of the cTALH/ 6. Jensen BL, Kurtz A: Differential regulation of renal cyclooxygen-
macula densa segment. Therefore, the rate of salt deliv- ase mRNA by dietary salt intake. Kidney Int 52:1242–1249, 1997
7. Yang T, Singh I, Pham H, et al: Regulation of cyclooxygenaseery to the macula densa cannot be the common denomi-
expression in the kidney by dietary salt intake. Am J Physiol
nator in the pathway that regulates COX-2 expression. 274:F481–F489, 1998
8. Hartner A, Goppelt-Struebe M, Hilgers KF: Coordinate expres-More likely, the rate of salt transport could be an impor-
Mann et al: Furosemide and COX-268
sion of cyclooxygenase-2 and renin in the rat kidney in renovascular 13. Greger R: Physiology of renal sodium transport. Am J Med Sci
319:51–62, 2000hypertension. Hypertension 31:201–205, 1998
9. Traynor T, Smart A, Briggs JP, et al: Inhibition of macula densa 14. Kaissling B, Stanton BA: Adaptation of distal tubule und collect-
ing duct to increased sodium delivery. I. Ultrastructure. Am Jstimulated renin secretion by pharmacological blockade of cycloox-
ygenase-2. Am J Physiol 277:F706–F710, 1999 Physiol 255:F1256–F1268, 1988
15. Modena B, Holmer S, Eckardt KU, et al: Furosemide stimulates10. Harding P, Sigmon DH, Alfie ME, et al: Cyclooxygenase 2 medi-
ates increased renal renin content induced by low sodium diet. renin expression in the kidneys of salt-supplemented rats. Pflu¨gers
Arch 424:403–409, 1993Hypertension 29:297–302, 1997
11. Wang JL, Cheng HF, Harris RC: Cyclooxygenase-2 inhibition 16. Chomczynski P, Sacchi N: Single-step method of RNA isolation
by acid guanidium thiocyanate. Anal Biochem 162:156–159, 1987decreases renin content and lowers blood pressure in a model of
renovascular hypertension. Hypertension 34:96–101, 1999 17. Gess B, Schricker K, Pfeiffer M, et al: Acute hypoxia upregulates
NOS gene expression in rats. Am J Physiol 273:R905–R910, 199712. Jensen BL, Schmid C, Kurtz A: Prostaglandins stimulate renin
secretion and renin mRNA in mouse renal juxtaglomerular cells. 18. Linas SL: Role of prostaglandins in renin secretion in the isolated
kidney. Am J Physiol 246:F811–F818, 1984Am J Physiol 271:F659–F669, 1996
